Abstract. The analogue of isoprene, 2-methyl-2-vinyloxirane, a versatile isoprene auxiliary, was reacted with some indolic and imidazolic bases, to add one or more isoprene unit(s), to these compounds. This prenylation was realised by using thermal and microwave assisted pathways, via the nucleophilic opening of the epoxide ring. The biological importance of the prenylated derivatives resides in their potential application as drugs. The aminoacids and small protein biomarkers are obtained from simple epoxide opening reactions. All new compounds were characterised by high resolution NMR, mass spectroscopy, GC-MS and LC-MS as well.
Introduction
In the natural products field, the isoprene moiety is often added following complex biochemical processes (e.g. in farnesylation or geranylgeranylation via a mevalonate pathway) [1] . Such isoprenylation occurs either in microorganisms, in plants and in mammals leading to a large variety of compounds going from alkaloids to proteins. The biosynthesis via the isoprenoid pathway in plants and in microorganisms is responsible for the synthesis of a very diversified group of compounds that are required for their growth and development. These compounds are known to exert also either toxic (mycotoxins as an example) or therapeutic effects (ergot derivatives). Often, one or more prenylation occur on tryptophan leading to compounds having toxic effects such as brevianamides, roquefortine and fumitremorgin [2] . In a few cases, such prenylation lead to potent therapeutic compounds such as ergotamine or lysergic acid derivatives [3] . Recently, on the basis of knowledge of the tryprostatin derivatives, it has been demonstrated that an isoprenyl derivative of a diketopiperazine cyclo Phe-His called phenylahistin inhibits microtubule formation. This compound family is actually in evaluation for their anti-tumoral activities. In plant specimens, compounds having aromatic isoprenylation on phenolic compounds exert antioxidant activities whereas their nonprenylated compounds have prooxidant actions [4, 5] . In mammals, protein prenylation play a role in protein trafficking or signalling [6, 7] .
Can Isoprenyl compound can be transfered to peptides or proteins [8] ? This post-translational modification plays a major role in cell proliferation of both normal and cancerous cells. Examples of proteins that undergo prenylation include the family of the Ras oncogenic proteins which are implied in breast, ovarian or pancreatic tumors [6] . The prenylation occurs in such case on the cystein moiety of protein [7] and such prenylation pathway inhibition seems an interesting target for anti microbial agents [9] .
Prenylated compounds can also act on other targets such as antioxidant flavanoids [4] . Numerous studies have been devoted to their potential cytotoxic effects and thus to their use as anti-tumoral drugs. This is the case of the taxoids or phenylahistin which are inhibitor of microtubule assembly [10] [11] [12] . The isoprenyl moiety is on an imidazole moiety (phenylahistin) and frequently it is located on a tryptophan moiety (roquefortine, verruculogen or tryprostatins as examples) [2] . Such compounds are prenylated forms of 2,5-diketopiperazine. Unfortunately these prenylated, compounds can also exert toxic effects. As an example, roquefortine is considered to be neurotoxic [13] [14] [15] and is a potent inhibitor of hepatic cytochrome P450 [16] [17] [18] [19] , the inhibitory effect being associated to the dehydroimidazole stereochemistry and not to the isoprenyl function.
This prenylation function is primarily realised by assembling several isoprene units after activation by their addition (head-head, head-tail or tail-tail) or cycloaddition [20] .
From the primarily formed polyene chains, the addition of some isoprenic units gives also the opportunity to produce other adducts via cyclisation (e.g cyclisation as in squalene biosynthesis) [21] , the creation of longer unsaturated chains or finally in the function of Diels-Alder adducts. In general, prenylation involves the introduction of an isoprene unit into the chemical structure. The prenylation is not limited to the addition of one isoprenic unit according to the biomimetic pathways nor is associated to solids Diels-Alder reactions.
This prenylation can also be realised via the −1, 2 or −1, 4 addition to one of the double bonds of isoprene, according to thermal, catalytic or photochemical pathways (Scheme 1(a)). Once isoprenic motif present after the reaction, the primary compounds can be better assimilated in diverse physiologic processes, e.g. acting as drugs. These structural motifs are interesting toward the design of new drugs or new molecules in biomimetic synthesis. In drug design especially, the prenylation is used to obtain a wide variety of products from proteases inhibitors to antinflammatory compounds, often used as a simple way to introduce linkers [20] . However, in these syntheses the isoprene could be replaced by several auxiliary molecules, more functionalised and offering different selectivity patterns (Scheme 1(b)). In this perspective, the development and the use of isoprene auxiliaries is interesting to prepare new naturals products. Among them, there are three possible epoxides of isoprene (2-methyl-2-vinyloxirane, 3-methyl-2-vinyloxirane, diepoxyisoprene which could also be produced via biosynthesis, e.g. CP 450 oxidation) (Scheme 1(a)) [22] , with their stereoisomers, the isoprene sulfone, the mevalonic acid and its lactone (Scheme 1(b)).
The advantage of such auxiliaries is the possibility to react via the epoxide ring opening. For instance, the 2-methyl-2-vinyloxirane (MVO) opening produces the alcohol with the remaining double bond available for further reaction. This nucleophilic opening usually operates as the standard opening (Scheme 2).
The opening of MVO can often be achieved using the amines (N-opening) but also via the extended amino opening through enamine group (C-opening), with the nitrogen assistance situated one σ bond further (in β position) as the first step. In both cases, the resulting primary opening can be followed with two or more attachments.
The oxirane auxiliaries of isoprene, especially because of their reactivity, combined to their small size and the unhindered access to the epoxide site, can also be attached to the polynucleophilic substrates producing interesting two or more isoprene fixations on the target molecules [23] .
In this study, we were interested in using one synthetic analogue of isoprene in particular, the MVO, and react it with some bases present in proteins, in particular those containing indole and imidazole rings. The monoepoxide in particular is expected to be an excellent synthon forming the products issued from specific opening and to the remaining double bond (Scheme 2).
The introduction of the isoprene unit to such naturally occurring bases were the subject of several studies. For example Birch reported on the attachment of the isoprene through biogenetical transfer as in the brevianamides from the diketopiperazine nitrogen atom, either in an indole or indoxyl precursor [24] in the ionic route or in photochemical formation of the brevianamides [25] . Also the epoxide opening with indole derivatives was reported [26] on the hand, the reaction of thio oxirane derivatives with imidazoles produce the normal opening of the epoxide via the C-opening extended amino opening [27] , and the substrate 4,5-anhydro-1,2-dideoxypent-1-enitol react with the imidazole to produce the normal opening product via the nitrogen atom [28, 29] . From these studies one can expect to attach one or more isoprene units to the heterocyclic compounds issued from the biochemical cycles according to the following general Scheme 3.
The opening of the epoxide can be done the classic way (thermal pathway), or with the utilisation of more recent technology used in organic synthesis, such as the microwave assisted synthesis. The activation by microwaves, as an energy source of reactions, became popular in organic synthesis following observations by Gedye in 1986 that the microwaves help to realise the reaction in a shorter time and improve their yields [30] . This technology is also interesting because of the recycling of solvents in its typical environmentally friendly approach [31, 32] . The comparison of the two techniques thermal and microwave assisted enabled to evaluate the efficacy of reactions realised under microwaves pathway especially when compared to the analogue thermal one. In this study we have chosen sixteen compounds from the family of indolic and imidazolic bases (Table 1) as well as some selected model aminoacids and 2,5-diketopiperazines (aminoacid anhydrides).
Experimental
All products were bought from Aldrich Chemicals (Canada). The NMR spectra were recorded in CDCl 3 on a Bruker 200 MHz. Chemical shifts were reported in δ (ppm) with TMS as internal reference. The GC-MS the LC-MS spectra were recorded on a Thermo-Finnigan ion-trap LC Duo, option MSn with an ESI source operated in positive mode, at room temperature, the voltage was maintained at 4.5 kV and a transfer capillary temperature at 250 • C. The collision energy was set at 52%. HPLC separation was performs on reverse-phase C18 Hypersil column (15 cm × 0.21) with debit 200 µl, gradient wateracetonitrile 10-80% and 0.1% acetic acid.
Prenylation by microwaves assisted on the substrates (general method): 24-33
The microwave instrument used was a STAR-6 from CEM Corp using 6 channels. In (CEM Corp.), each microwaves reactor, a quantity of 10 mg of products (1)-(10) with 50 ml of ethanol and a few drops of oxirane (2-methyl-2-vinyloxirane) were placed. The irradiation time chosen was six minutes under at a power of 180 W for each microwave. After irradiation, each reactor was removed from the microwave cavity and the ethanol was evaporated using a rotary evaporator and the residue analysed by LC-MS after the removal of the polymer on a Si-gel column. The yields of opening products, varied between 0.3 and 16.6%, are reported in Table 2 .
Prenylation in thermal pathway (ionic) (general method)
Ten (10) mg of substrates 1, 2, 5, 6 and 10 were placed in In one 50 ml round-bottomed flask individually with a few drops of oxirane and ethanol (5 ml) as solvents. The temperature of the reaction was adjusted between 50 and 60 • C, and the time was set a 24 h. The ethanol was then evaporated in vacuum and the mixture was analysed by LC-MS. The yields of products, varied between 0.2 and 18%, were reported in (Table 3) .
Results and discussion
The prenylation by microwave assisted methodology was first tested on some sixteen different compounds in two already mentioned base families, in order to analyse the possibility to attach an isoprenic unit to these structures. We have chosen the products obtained via the microwaves technology with the best yields of and those obtained with minimum of secondary products, to challenge their prenylation by the thermal pathway. The series of substrates (Table 1) , when tested in the prenylation by microwaves assisted processes, and analysed by LC-MS, give an approximate yield (efficiencies) of the expected products. These yields are reported in Table 2 . We have observed for instance, that five bases: ajmaline (1), benzimidazole (2), L-histidine méthylester (5), tryptophane (6) and carboline (10) substrates are reacting according to our criterion and were then subjected to the thermal prenylation. The results are described in Table 3 . Examples: We have observed that the benzimidazole (2) gives, as far as we know, a new product with the addition of one MVO unit with a considerable yield, this product is 1-(H-benzimidazol-1-yl)-2-methylbut-3-en-2-ol (18) (Scheme 4).
The formation of 18 has been realised from 2 and MVO, by prenylation via a thermal pathway (63% of yield because of the double addition of MVO observed.
The proton and carbon-13 NMR (Bruker 200 MHz, CDCl 3 , δ ppm) showed characteristics that confirm the formation of 18, for example, the methyl group C14 of 18 at 1.43 ppm correspond to the same shift in MVO, the CH 2 group show a single peak at 4.45 ppm confirming the normal opening of epoxide. The double bond of 2 and 18 kept the same chemical shifts corresponding to the starting materials. The formation of 24 has been realised from 8 and MVO, by prenylation via a thermal pathway (42% of yield because of the double addition of MVO). The proton and carbon-13 NMR (Bruker 200 MHz, CDCl3, δ ppm) showed characteristic chemical shifts confirming the formation of 24 and the product with addition of two oxiranes (24a), for example the methyl group C16 and C20 of both products at 1.52 and 1.73 ppm correspond to the methyl groups of MVO, the CH 2 group C12 of 24 shows a single peak at 1.37 ppm or CH 2 methyl group of 24a at 3.15 ppm according to the normal opening of epoxide. The double bond 8, 24 and 24a kept the same chemicals shifts corresponding to the starting materials. The analysis of GC-MS spectra show the presence of at least two products with 24a as a major one and 24 the minor, corresponding respectively to the m/z = 428, 298. The m/z = 428 mass is rationalised as the reaction, the solvent (ethanol) provided a radical OC 2 H 5 to form the 24a. HPLC-MS analysis of this mixture in positive ion (PI/CI) mode, allows the detection of two compounds, at m/z = 297 ( Fig. 1(c) ) and 299 ( Fig. 1(d) ) corresponding to the isoprenylated derivative (m/z = 299) and to its dehydrogenated derivative arising from the reaction of the hydroxy group on a neighbouring substituent. The structure of the product with m/z = 329 was rationalised accordingly as M + C 2 H 5 OH-H 2 O (Fig.  1(e) ). The double adduct is also formed. It is probable that the ethanol adduct is an artefact of the sample preparation (Fig. 1) or the GC-MS analysis. Finally, six model simple amino acids were reacted with MVO under thermal or microwave assisted conditions. The higher yields of normal opening through the N-terminus for microwave assisted methods were observed. However, the overall yields of the reactions of free amino acids with this isoprene auxiliary remained low (Table 4 ).
Conclusion
In this study we have noticed the difference between the prenylation by microwaves assisted and thermal pathway. In general the first pathway gave an inferior yield compared with the thermal one despite the short time of reaction. We also observed that the risk of producing secondary products is higher with the microwaves, all this confirmed with the help of GC-MS and HPLC-MS analysis.
Interestingly, such prenylation leaves an hydroxy group which can be involved in further opening reaction, either extra or intramolecular. Such intra reaction has already been postulated for the formation of lysergic acid derivatives [2] . The prenylation with the MVO is also interesting because of the formation of opening product which can form double bond on the isoprene residue by dehydratation. This double bond can be involved in many bio-organic reactions.
In general, the opening product yields observed under the microwave assist conditions are higher, the striking exception is however the benzimidazole case where the double opening with MVO under thermal conditions is clearly observed whereas under microwave assisted conditions several secondary products were formed. In all reactions the structure identification was performed by using polynuclear high resolution NMR combined to GC and LC-MS.
